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Critical components for pnlsed power co~ditiotcing
sygtems will b. rcvicwcd. Particular emphssia will bc
placed on th~sc co~.~”r-nts requiring ai~nificmsrt devel-
opment efforts. Capacit.-rs, fo= rnxemplc, nre onc of
the weakest tlemrnts In high-power pul~ed systems, es-
pecially whtn o,.ermtion mt high-reprtltiorr frequencies
for eztanued periods of tima ire necestary. S=itches
are by Kmr the weakest active components of pnl~e pomer

syiteml. In particular, opcnina switchcc arc essen-
tially nonexistent for mott spplicstion~. Insulation
in all systems and components raqcires development and
improvemeul. Efforts under WSY in technoln~y bmce de-
velopment 01 pulse power componcrrtc =111 bc discussed.

ltlwtolwc-t” 1(w

T%e development of repetitive-opcr~tion. lonR-
life, fhst-dischsrge components is etsential to ❑mny
faturc hiah-encr~y npplicut inns In:luding notlnuclcar or
directe,l ●nergy wenpons, Iaotopc sepnrmiion lasers,
short-pulse rmd~r ❑adulators. snd electronic werf~re
snd ccuntrrmessure pulse gr,,rrstors. (1-6) lllc acllvl-.
tics dlscusscd In this review pmpcr ●ra in aupporl of
ths needs in these mrcae am.1 summarizr ❑uch of the wurk
currantly “~nder way in this Lomncry. The primmry I,ur-
posem of these pro~rsm~ nre to

● delerminc qualitative component ●nd symtcm be-
hmvlor In t}.e ■ icrosecond and shortei ❑ultih~rl?.

repetition rmtc, hlstr di/tft dlschar~t eovlrun-
mcnt,

. understand, ■odel, ●nd eliminate the fmilule
■echnnism: that ●re observrd in lhe shnvo
envirbmnant, End

● develop, iu conjunction with in,luttry, lon.g-
Iifr, rtli:blr ‘omfronents for usc in the blah
di/dt. ■uliihertz oystems,

There is m prcssina meed for the develnpmcnt of
very lorry, Ilfe enrrI~tr~nBfer sy~lrm cnmfrnnunls, (l,2,

1) Ai srtdlllontl appllcm:ions of fabt pulse fIOWrI
lrthniques are conceived, espoclnlly in laser technnl-

oly, COMpOlltfltSpccificmllon- becomo ■ore ●nd more sc-
~cre. Ilith repetition rstcm, high prak sod rm~ cur-
renls, ●nd r-tremely hlBh rcllabillty arc hut n few of
the difflcull conltrmlntc, Ilc hnslc compnncnts In
pulsed power ttchllolo~y nre cnfrmclturs, trannfor:icr~,
●nd mwltchrs. Itecenl prngrcsl in these nrrns will bc
dltcul~cd,

RI:I’I:TIIIVI C(NIIVXI:NTS

gnl,acllors-. . -. .
“l”he rttlonclf in rvalusllng tnpmcilor lechnnioRy

prnvided by lndu~try In t,, dete~~n~ and nndersl,nd lhr
fallurc mechmnlsms and then work with the ■tnufaclurers
to rtCVrlop mdvinced unitgm(2,j ,5-7) l~is i. in co,,.
trasl tn E h~tiu resetrch pri,grnm to develop new dir-
Ieclrlcs bnd Impregnants. I!alhcr, prrrgimms currently

modor wsy generslly eeek to determine the cspacitor
sy~tcm rremk points. the characteristic failure ❑cc3a-

nisms, end the required dielectric chsr-cteristics com-
patible with multihcrtz. hith di/dt dischnr#cs.(3 ,5,7)
The resultmnt dmta base should pruvidc direclion to fu-
ture basic dielectric system rcseerck ~71L! development.
A nmtursl rrsult of these mccivitics lC tite dctemins-
tinn of the opcreting limits of present cmpecitor tcch-
nolofiy in different cnpncitor strnccures.(7,8)

Pro#rsmt hmve been render wm~ in Industry for some
time, directed towmrd developing llghtwright, irigh-
●nergy density repetition-rstc cspscltors (=100 Ilz) for
burst-mode operation.(7) In this sitaation the cm7sci-
tor must operate for m few ❑ inutes et s time and re-
cover dnrin# n gevcrsl-hour qniescent period. COr.?ent-
ly, -40 J/kR ❑rrits mrr commercially ●veilsble ●nd in
nsc In military systems.(7) Significantly higher ●n,:r-
Sy dcn!lly capacitors arc in the dcvclormcntsl stegc
fol c,,ntinuoun duty operation. It rcmsins to be
seen just what is the limiting energy density for tkis
applicnl inn. The point mutt br ■ r.c!e fhst ulfimstc
cchicvshlc energy den~lties ❑ay be applicmtlun -lerend-
rnt. (fl,9) Thus, the user As csutioned.

The othrr CISCI of spfrllcationc is those wherein
high-rcprtltlon rates (:20 kllz) mnd multlyeer lifetinc~
arc dcmmndcd mI strbmicrosocond discherge times.(2 ,3)
Thrse parmmcterr for exclmer Isser isot[pe icpsration

Iesers tre summsr’zed in Table 1.

TAIILI I

CAPAC17TV! TEST PARANETER RASGES

~~m~-~r~ Vslue——

Cspncllorrct 0,5-2 nf

Vol tmgc 10-100 kv
Dicchsrgc time 60-100 n-
Iteversml :0-15%
POlse repetitlo,~ fr~qucncy 0,1-3 ktlz
Prak current 0.1-50 kA
I.lfe 099% confidence lrvel) 101-101- dlschnrges

ll~rm~:ce rerrnt thyrstlon switch development kzss
Ind{caled lhmt ● hi~llrt lcv$I of perft,rmmnoe can be
■chirvrrt by prslne chsrgin~, cmpncitrrr development must
IIF undertaken fur both rcsonarl chsr~ina (chsrginp
lime, 7 , -1/prf) mnd pulse chnrglnu (r ( 5 ps) u(!llltl-
tl~\l15.(5) In ●dclltlon, previous work sh~w~d m drsmmllc
Incremhe in llfetim~~ fnr such pulsr-charged capeci.
term of the cersmlc typo(14), end it Is rremonmble tm

pu~tolsle thet lhis may well br s prol.rrty of ceymcl-
torl In Brneral, thun worthy of lnvcstl~etion In itB
own rl#hl. The ~cnrrzl lmyout of such s duel ■odr tent
mnd ●valuation faclIlty i- presrmted In l;is. 1.(2.3)

l%rh~ps the wont Importsrzt Itsri of pulsed power
technology IQ pow~r conditioning. In the component de-
velnpmrnt Iabrrratory, both rasonsnt -nd pulto trans-
former cherginI (commmntt chnrgin~) srt usnd to fully

charnclerlze tht hohavlor of dischar~e c[rnponents.
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Fis. 1. Fli#h-repetition-rstc eempeoent development
lnbormtory opcratin~ eystem.

18 the cmpmcltor davelnpment proaran for lmeor iso-
tope wperntion,(3) lincmr re~onmnt chmrgc roltm~es of
S to 60 kV nt repetition tntes to 3000 ppe src tvnil~-

ble. With tho use nf smtnratin~ lnductor~, ps~k-cher~o
voltmsee of 75 kV nre mchleved. Pmlsc-forming-oe twnrk
(PPlt) ampacltorm np to 4 nF ann be chnr:ed to SO kk’ mt
100il-pps repotltlon rntee. At reduced opermtin~ pmrtm-
●term, capacitors of scvernl ■ lcrofnrnd~ O-O bo oper-
●tad In the discbmr~e circuit.

PUIBO tramefomer chmrsims ●xtends tha oparetin~
ran~c of the fncility trJ ● ●aximum ahmrre woltnse of

120 kV ●t rapetltion rntPs of S000 pps. Cnimaitor r~l-
mem up to 15 mF cmn he chrrscd in 2 to 10 p-. 1s1 1-
plms ●fficlanclon of #5% era mchitved with prreent
pul~a tram-former chnrRlni n~etomI, ●md efflclencias of

)9tYk nro espcdted lm oy~teme umdar development.

Mamuee the ra~onmat mnd pml~m trmnmfwmcr aher~-

ins ey~teme ara anmpletel~ cepmrmto. n diechmrsr cir-
cuit mnrter Imvaatisetlon cam be repidly ahensad from

one to the other. The Inmped eqaivnlent &lrcull for
one dl~chrtsin~ ampncltor I- Illustrmtmd in kis. 2.

Clroull pnremetare hre dcteminod tcmporallf durimn the
dlechar~e pmlia durntloa by sulvlns the time-depmnde,lt

airault ●qnetion itermtlveiy, thum ideotifyln~ pulme
paramctmrs hnvims tl=c vnrlmllone. l!sce~t for the nnr-
mmlly empacted Limo vmrylng reeistmmae of tbo thyratron
dnrinn the dlechmr~e time, only ● ¤nd~st depeudenco Of

C =lth time has beew ob$~rwad. At thlm tlma, It II
❑gt claer lhet the Ialler Is of any elImlflamnca. Am

hi~h time eod volLmIe resolution erc demanded, tha deta
●ee reaordad on n ■u!tlchann~l trmnmlent dlnlticer.

Tbmm ●mch of five aepecltnr aurrent~ snd volteiun ano

bs mensurod ●nd rocordod mequemtlally by tha dmtw
mcqninition syetem. A 100-kV raltasa probe with A f.re-
qnoncy ramponae from 0-300 NRz hnn beem davelopad for .

■amsnrlmg tho circuit voltescm.(13) Nsmosecond ro-
spomso from the current viewims reeietors (~) mud
~oltase probes is rnqnlrcd to manitor current fluctna-
tioun, mmd partial dlcchmrtos (PO), im raml tima during

the chmr~e mmd diaaharso of the capacitor mmder tomt.

Tko dats-hscdlims cmpnbility of tho dnto-ccqxisi-
tion systrm ●llows calcolatlon of the followim pnrmr
●tarm dmrims diocherse:

. Circuit cam~omemt impednnue
● Component power flaw
. Energy flow

● Equivalent noricn rooictance of load
resistor

~o resolution of xha dimgooetla %yetem iS euch
that ● chanse in circoit paramatar tmluaa of 0.5% c~n
ba dotocted.

Im the dovalopment of rarlou~ hl~h-voltese i.omfo-
monts, tbe ●rea of prime lntereat is ■ultthcrtz, lo.lB-
life. lew-indnctanae cnpncitors. A major prosrmm to

fully shmrmcterlze enpncltore designed for PU1OC dut:~
in in prc~ress.(3) The ❑ otivation for pulso-capmcltoc
dorolepmont is threefold:

.1’o obtmin ● date baie ta nmdermtnnd the physics

mnd chemicnl procoseea mffeatlng cmpacltor I(fc.

.To derolop lorloee, ●xtremely long-llfa cspncfl.-
torc olO~~ shots).

● TO isternct with Indmstry in deeisaing oapacl-

tors in the rnoce of 1 to 20 mF, ampnble of
10-kA/nF pemk current 111 50- to 1OO-US durstion

dls~harses.

Thare mra ●t lenst two conflsmrmtionc thnt meet
the 1OW1O-S raqulrements: sillaon oil/polypropylene
and reaomntituteJ ■lam-pmper c~pacltore.

me eqnlvalemt series roeistence (EsR) IS of prine
importnnco Im determlnlns the loss of tht ampscitor dar-

lns the disaharse pulse. Tho ESRmoeemcmment wmn mp-
praached from severml directions. Tbc conventiaml
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higher thmn the sversge de electric field. New capEc-
itor prick connection dcsigrzs that minimize onrrent flow
proDlams sre being manufactured for test.

A ●eoond ■eehmnism, which m-y proarcce the locstion-
dependemt PD dsmage, is the time rato of change of

~oltsga (dV/dt) on the ospzcitor foil or psck with re-
tpect to :rouhd. Tbe :spscitors tasted were fabricated
sith in iv ulaiing phenolic cece. T%us the ontside few
foi’ cially in m low-indesctsnce circuit, nre cr-
opsc .vely coupled to ~ronnd throash strsy capacitance.
Thi s:rsy espscltsnce in chsrged during the relatively

C1OW re$onmnt (1 ❑s) ahsrgin~ time of the test cspacl-
tor. Simultaneously, the high field st the edge of the
foil csn inject free oharge inta the msrgirz region of
the cspeeitor. When the capscltor is discharged,

(s100 ns) tha free chsrge In the ❑nrgin coupled to
ground through strey cspscitsnce is et the orlgincl en-
pscitor potentisl while the toil it now grounded. Thil
sifumtlon can conceivably produce extremely high local
electrical fimlds between the free charge in the ~argirz
snd the foil edge. These high electric fields cmL sl:~
produce corona snd dielectric degrsdation,(3 ,14)

scnnnirr~ Electron Hicrosc~me/Ion Microprobe tlbse~
vstions—.
Sections of the dsms,ged dielectric were snslyzed

with s scsnning ●lectron micIoscopc/ion microprobe sys-
tem. Thie device snowed identification of the nate-
rimls in the esmple at stomic levele, ‘llre ❑ icroprobe
results indicated that the foil edge damage shown in

Fig. 5 ss crsterinfl 1s sn urp.unit compound similmr to
the polypropylene dielectric, The black msterlal is
snriounded by s lerge smount of elementary hydrogen gss
snd s smsll amount of stomic ozygon, csrhon, snd sili-
ccn. me oxygen sntl silicon are probably Lhe result of
dissociation of the silicone oil impregnsnt. ~slysis
of the visible inclusions rcvesled thsy were smull h~
drogen sss bubbles surrounding blsck organic ~omfrounJs
similsr to polypropylene, ell of which s!e in~idc the
section of l-roil polyprofrylcne film. This dsmage slsa
occnrred st the foil edge. The ion microprobe ●nslysis
found no almminum in arcss ~f dielectric degradntien.

When the test cspncitorm ~cre dischhrgcd nt s pesk
current of 1 kA in en t10-ns-rride nenr critically damped
pulee, snd # l-kllz repetition rste, the PI) inception
stress level was observed to be only 875 V/roil. The
onset of these Pl)s during discharge -ss monitored by
the fscility diagnostic system ss Iriph-frequency infor-
mmtlon on the current trsce (thst 1s, oscillstiuni) sb
showr. in Fig. 6. In the tcct fscility, the prascnce of
Pfl is elso detectable ss very high frequency electro-
magnetic noiF.c on the volta~e poise,

Pll inception is observed ss sn integrstad effect.
Whew opersting the cnpscitnr above the inception Ievcl,
Pl) i~ not observed for scne tim~, “r ,

{
If cnllnc itor ofr-

erntlon is hiltad aftrr time, T , aid rabwrned iII s few
minutcm, Pl)s src izunedlnlcly rrh!ervrd, If, however,
caplcitor oprrnlirn is halted lftc: 1’1) obsarvstion fnr

lonter periods of Llue, ●sy 24 h, And then rrmumrd,
them is t daisy until I’l)s arr n~ai!i observed, hut the
daley is lest thsn the ifiitinl IYrlny. This reduction
in drlmy tins mmparently conlihucs uvcr msny stert-stop-
●ail Lest cycles until thr 1)11 inceptiun delay Llmr,
T, approaches zero. The spl,esrancr of 1’1) in assure-d
*$ be the reinlt of dyn.mic surrsc. chsr’e effccl, ●nd

is currenlly under in\rsti~at ion, The damsgc observcrt
occurs st the ●d~c IIf the foil, and the electric firldn
npPsrenlly SISO Bcncrs!f ISS hy diisrrcimtlun Of the im-
pre[nsnt snd nodllics!i(~n of the dielectric In rr~ionl
of poor imprrunml],,n, bulk dlrlrrtric flnws, SIIIJ blah
rirld. The r?l,cwnhlr drlay timr or 1)1) hysteresis @f-
f~ct with inoctlvily may prr$um,hly he re;.ted IU the

Fig. 6. Ytigh-Crcquctzcy, psrtinl-dlsohmrge oscillations
evident on the lesdlng edge of s t30-ns-=ide
current dischsrgo pulse from m 500-pF polyprb
pylenc cspscitor st s l-kHz repetition rste.

volubility ot the gss in the impregnsnt. l%c event of
zero PD onset delay sfter a qnle~cent period occurs
-hen the local impreg~snz is saturated with gst. After
zero PD onset time delsy, the internal Bas pressure in-
crcsses uotil the csse explodes,

jieretition-Rnte Frequency tlffccte on lrrtnrn~
Yarti.1 lllschar~e~
The presence of PD wss mlso found to be s fmmction

of zrzd exhibited s hysteresis effect dependence on the
dischsrge frztlse repetition frzquency (PM). After the
PD incnPtiun time delay, T1, the PRF wss incress~~ from

100 I[z, where no Pf)s were ob~orverf, to 500-600 Ilz where

brondeninS wss observed on the ctcrrent trsce, In ordo:
to extinguish the I’D, the PRF had to be reduced below
250-350 112. This csn be tentatively explsincd sgsin -s
sn enhmnced electric field nt the foil edge thst disas-

sociates BSS from the impre~nmnt (silicono oil). If
tha e-foldlrrg (l/e) deionization time of the SSS gener-
●tetl hy the ficl,! st the roll edge is on the order af
1 ms, the res,dual iJttlzstion level d-e tu one dis-
ahsrge pulse would be lQSS tbsn thst reqnirrd to sffect
the eubscqurnt fsulse ionization level if the cutr~equrnt
pulsa Is spscod 3-ins (330 Ilz) or 3(1/@) times latrr,
If this hypnthvsis i~ vmlitl, ttischerge PUIBCS spaced
<3 ❑ s ●psrt would generste morr ionir.mtion snd ESS
thsn the previous pulre due to the initial ionization
pros~rrt, Thifi hypothesis could SISO explain tizc oh-

served hystercsie effect if the totsl smvlitude of the
ionization procusb incrcsses in time for pulsn splcin~~
lens then tho e-foldinR (l/e) daionizat inn timt. Ir.
this canr, the time rrquired for the r..si!lual ionitn-
tluIIlrvcl to drcny trrlow that requircrl to influence
thn next pulsd ionlzntion process is lonscr, even

though the o-folding time is the ssme.(fl,14)

J,l!.e vl.l)j-chny,Rc..!’!ljX.r.._RXr?\
The Iite 01 PI’!W rapacitore

the dischsr~e PNII’ sn,l Is prohsbly
pcndcnce on I’IW. A plot of chpsc
(F-IR. 3) inuic,,tee that the life
errmses rlraiticaily below -500 Ilz,
quency al which i)ll is chservrd.

rela’
tor
rrf a

the

i:.i, nn .~rf~lurrrcy
s qu to (Iercllltt!ll: {111

●d to the 1’1) de-
i [c ve l’l(l;
enpmcilor in-
repetiti,)n ~rc-



OnCC these PPSO ctp~citors were opernttd In the pn

regime, the life was Iimlted,to spprbxinately 2.8 x 10’
discharges regardless of PRF. T%is indicated thnt pD
d~mag~ is sccunnlttlve. On the other h~rrd, PPSO capaci-
tor, when op~rst~d ●t lower dv/dt snd 10WOI di/dt,
hsve functioned for grester than 10sO shots In other
parts of the teet ftcility.

The Welball dlstribtrtion snslysis of the fmilnres
indlcsted s single failure mechanism was responsible
fol fsilure, ●nd the failure distribution wae very ns~
row ((1%) .

*scitor Energv f)issi.~
Initially, the dielectric loss ●nd the ESR of the

capacitor was of major concern. However, the energy

diesipatcd in the capacitors tested wme so ❑inimal thnt
thermsl affects wore ncgligiblo. For comparison, the
temperature rise of a convent~onsl Mylar ptper capaci-
tor 1s compsrcd with thnt Of a Tcflen unit (Fig. 7).
Both units wcro opexsted st m discharge PRF of 1 kHz, ●

peak crrrrent of appro~imntely i kA in m 100-ns-wide

pulee. Ile toet wms halted nfter 42 min when the Mylar
proper capacitor ezploded due to tho 65°C temperature
rice compared to she 4.l°C temperature rise for the Tef-
lon unit. Ttro mics. Teflon, snd PPsO cmpmcitor units
hove a dlsslpatIve component co small that mt present
rms cnrrrnt levels UP to 15 A, m ❑nsimnm of only 10”C
temper~tnro rise above ambient were observed.

Dsta for the mics cnpacitol were not obt~inahla,

as no units failed under the test conditions ●vailnble
in the facility, They SISO pssscd II 150-KV hi-pot
test.

Prrsent Repetitive Ca~acltnr Technology Bnse—..—. . ..— —
The performance avsluation of Iorinductance typos

of capacitors in the 100-ns, l-kA, l-kllz resimc has
led to the followlng observations:

Q A high-quality, high-frequency diagnostic Eys-
tcm is a~sential to observe transients w~thin
cspflcitors during dlschmrgc. Tho hl&h-frcquen-
CY L1’tls snd vnltsr,c probrs devclopcrl for the
system arc rr.quirecl dia6noltic tools.
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● PDe -ro the ❑min cmrree of failure in PPSO ca-
pacitors mnd mre detectable during dis-
charge.
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InO I-u lncep~~un ncrcss IeveL aurlnm asscnsrge
is ●boat 25% of the dc level nnd is dependent
om time durmtian of disoharSa and tho palso
repetition rate.

Preliminary teets indicnted thst Teflon-slli-
cone oil mnd ❑ics-papar capacltore bad ● longer
Ilfe ic the regime tested than the polypropy-
lene-eilicona oil a.sits, but with lower energy
density, This is attributed to the lmpregnm-
tiwt characteristics of Teflon units ●nd fabri-
cation methods of the ❑ica units and ❑ay not
rrpresent Intrinsic limitations,

. Capncitor power lassee ●re negligible for unite
designed foz this roglme.

. Present fabrication techniqnoe must be modified
to accommodate the t,~neient currants snd volt-
sges within tha cmpscitor,

The PPSO capacitors were initially ovalaatod in de-
tnil bocausc of tho energy density poters:lsl, their

availability nnd ‘ .Iw cost, ind tbe ●ssusIp?.lsII :hst sicr

ilur fnlluro mechanisms would occur in tho Teflon Msrd
mica-paper unite, but -t longer accumulated life.

In tbe future the Teflon ●nd mics-pnpcr anlts will
need tn be stressed at higher levels to ossess thei:
lifelimes and thtlcidctermlne their chersctcristic fsll-
I,re mechanisms.

Pulse Tr~nsfnrmer--.-——. .d
O~lr of the major sdvnnces in tranrfornor technol~

gy hes been the recent development in mir-core ISUIVC
trmt “trmrre. Air Co,-c pulse trsnsformore sre typicsl-
ly fo.ud 1ss applications invirlving very high penk power
levels (up to 10’~ W) or ultrahlgh rf. “l’hay differ

from the more crmroon Iron or fcrrito types in :hmt no
ferromagnetic mstcrlsls mrc used to channel the ❑ag-
netic flux through the winding 10 assure flnx linkage.
With sir-core transformers, flux Iinkmne Is etrongly do-

pcndcnt npon the physical proximity of -11 turns of one
winding with rcspoct to all turns of the other winding.
Consequently, tbo coupling coefficients of mir-core
trsn~fnrmero tend to be lower than magnotlc core trsn*-
formcrs, particularly with high-gsin trnnsfnmers that
hkve thick, multilayer windings, however, beasuse slr-

care trnnsfonmers do not heve ❑agnetic cores they are
not limited in carreut-hnnrtllng cmpacity by sttnratlan

of tho mmgnotic ❑mterlels ar frequenrv limited by the
composition of tho core. Not having core smturstion
and Irsqwcnt’y limils are the two mot significant LCd-
vnntsgcs of air-core prrleo trsn~forrnors. They ere,
thercfure, well suiicd fur uBe with lsrto, high-currrnt
prlmnry pul~.od powel *O,,ICUU suuh as psrsllcl capacitor
lImILt, which often rrpernto st trrsk current levels of
over n me~”mfr~r~ ant! s1s() in much ●pplicmtjwrre as hip,h-
vollmpc trl~~crlng where the ditchargc frequency may be
srv.rul ❑ognhortz, Ills dlscuatlon will covrr only the
R~llCr~l lypcm dnulgncd for hirh-volln~e pulse gcnrr’~-
tiun mnd tucrRy Irnnr.fer npplicailons. speclul emphn-
sln hss hcmn Rlvon tn pwlmc-chnr~inn eyntcmz thal oprr-
ale up to the multlmrgsvolt rmnae.

l’Jpr I .g.f. ,.! I.r: !:wr.r Tr.n.n n.f f~.rxr.l.
~%rrr sre two hnslc typrrr uf hi~h.vnltnge air-cnre

puloc trnllsfnrmers thti tmn hc operetcd In the mepavl,ll
rnllgo. The first snd most common In the elnRlr-lsyrr
hellcal.wvund trensformrr (l;lR. U). TIIC second IL the

splrcl-s!rip lyfre (l;lS, 9)0 ‘Ilese Lrmnrfurmarn tfiffrr
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I;ie. 9. Basic spiral-strip transformer.

from ●ach othrr prlmarlly in tho con fiEurat inn of the
secondaq windlnrr th~t, nB will inter be ~hown, nc -
counts for ● significant difference in their resiutnrcce
to Ansulirtion failure from fsst pulses. The pritnnry
windings for elthrr typr, however, whethrr sinRle or
❑ultipie turn, may be dcnigncd in a vnricty of wnys

nithoul nffecting clcctrirn!, brcmkdowrr chnrmcicrilticfi
of the transformers, For remsons of high-voltage isols-
tivn, thr lo~voltngc prima~ winding is typic~lly
placed outside the secondnry in either type trnnsforcier
IO th~t the hi~h-vnltage outp,.. of the ~ecundnry may bc
led out through the oentcr of tho a~remh]y.

With helicsl transformers, high-voltage stnndoff
betwsen the primary End secondafi windings is provided
hy tn insulated spmce beiwaen tha wlndin~s. ‘ilil mcflm-
ratlon mmy he uniform or itpered in the lonnltmlinsl di-
rection, When tnpercd, thr insulation thicknc~n (ususl-
1Y oil) incro~ses with the VOII-SC mlonm the Itngth of
tha coil; sw ihr,t the clactric strest remninc conltaut
alonn the length of the wltidings, With rpirnt-strip
trannroriners, v~,lthpc mlnndvtf is l-rRcly a fllllctiun of
the rndlai thickncsh of tho secondnry windin~ brctnnc
tile primnry qnd srcnndmry turns ttlrrctiy overlzy cnch
other, Tho winding ~tnck thrrr.frs’a hmm a pure rndinl
vollarnc grndirnt heiwren the hlph volince Inner Iurnn
and Inw-./oltcfie outrr tllrn~. l,i!. c hellcat ty], c trnma.
fo~crg, the nprn vnlume In ~pilmi-mtrll, trnnnformrrl
to utuslly intlll~ted with 0)1, Iltlw.vcri becnwmo Of ills
hirnh winding den~ily, splrtl’-sl:lll WindlIIRS must nrdi
nmrlly be vncuurn lmprcRnsted to displncc air from thr
secondary ~lndln#.

Two problems mre commow to both typre of trtnsftirm-
ers:

o Energy losses from eddy currents induced in
voltngo Sradins do”vi-es sod structural comp=
na~ta that are present 1ss high-voltage trana-’
formers. .

Tnrn-to-turn breakdown is common to helical trans-
formers when sised in chargiug systems for pnlae-forrsing
lines (PFL). This problem arises from fast-risiug
(usnally=lt) ns or less) voltaga transients generated
by the discharge of the PpLa, which sre fad into the
outrtat of a direct coupled transformer. ‘l%e turns of a
helical winding are inductively and tra:. it time iso-
lated from each other and ● o the capacitive components
between tnrns and from each turn to ground (Fig. 10)
●re not snfficicnt to grnde fazt-rlaing transients.
Consequently, s voitngo pulia apprezching the frrll am-
plitude of the transient can momentarily ●ppemr across
the finnl turns of the seconda~ and cause breakdown.

This problcm wss corrected in the FRIZZ transformer de-
tign(l~) by adding a capacitive voltage greding dish
acrosr the output turns of the transformer ■s shown in

Fig. 11.

By contraat, spiral-strip trstrsformcra sre inher-
ently less prone to brcakduwn from fast-voltage tran-
sients because the intcsturn capacitance components .re
●ll dlrcctly in series to gronnd ma ●hewn in Fig. 12.

- +,
WINIII’4ClNPuclA\c[ -—--–-

FiB. 10. f7qnivalcnt circuit nlong the length of a heli-
cal-wound trnnsforncr.
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TuIW!-TO-TUW4

-r /capacitance

Fis. 12. I?quivmlent circuit throu~h

npirml- strip ~indins.

Tbcy are compsrstlvcly ltr~c becsucc

tha thiakucss of m

of the Isrfie sur-
fmce mrommod C1OSS sparing batween turns of the spir~l
ntrip. Corr~equcntly, a fast-volttge pnlso is capmci-
tlvely ~r~dcd through the thickness of thm =Inding.
The primcipnl wetkness of simpls mpirsl-strip windiugs,

howvcr, is their lendoocy to brrmk down ot tho thin
edges of the -trip. An mrc hrsskdown typically origi-
nates frcm the cdgo of one or th~ finml hi~h-voltanc
Lurl,s, flashes across tha inanlution msrgln, snd C1OSCS

the dlscbnrge path to the lo-~oltagc primsry. Such
brcmkdowns prccticnlly slways dsl~age the lnsul~tin~

film in the msrgln and leave m heavy carbon ~sth
thxough the oil.

These cdgc brrskdowns resolt from highly ●mhsnccd

●lectric !ields mssor{ated with eqmlpotrintials thmt
emer~o from hctwcrn the hi~h-volts~e turns mud bend

sharply ●round the arfgas towmrd the lo-voltm~r turn%
(Fig. 13). The high fields cmn ho significantly re-
duced snd edcc braakifmo ollrainated by plmcing ● coax-
Iml shinld scrom~ the mmrglns to shnpe the cqulpotcn-

tisls imto s aosxisl dlstrihotlon that is nomrJy pmral-
lal t- tha unlfurm field throuch tho thickness of the
winding, Fis. 14.

Addln# the voltmEe grading struotnrcs to either

typo of trsnsfnrmer omn lead to the second maJor dlrfl-
oully with ●ir-cora trmnsform~rs, which Is incrrasrd
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●ddy corrsnt losses in the transformer :rhdinS strmo-

turoa. Althonsh chose strmotnros mmy be mlotred, eddy
cmrrcnts e-n be indncad at illuatrmtcd in Fig. IF. ~
diagram of addy ourrcntm in cylinrlriasl shioldm ●roomd

the msrgins of s splrml-strip trmnsformar. The ●ffect

of eddy current shorting 1s to decrease tho volts~e

gsin ~nd energy trmnsfer efficiency of tho transformer
by ■n tmnunt roughly proportional to tha mmgnitndo of
the ●ddy currents. In one instance, cyllndrlcsl
shieldin~ redoced the Bsia of s Spirml-strip trmnm-
former by 5R5 compared to ●n cqnivmlent umshieldcd
trmn~former. (18)

Elactr@stmtlo shielding.mod Ermding struct’uro do-

si~ns must tbereforc he conocrncd with msking them
trsrrsparcnt to mmsnatic \lclds. Onc ~rmcling technique
thnt hss bern ●mployrd suacct~fnlly with trsnsfmrmors
nscd in singla-shot sarvice IS to fill the opon Tolr=o

of the trsnsfo-er with ● rosistlve liquid such ss
mtcr or m solution of water mnd oopper mnlfatom(19,20)
In these omaea, roltm~oc sra resistively grsdcd but the
res16Llvlty of the oolutlon is smffiolently high so

thmt no ourrent of sny mmgnltudo can be induced In the
Bolutiun du~in~ tbe tlma of energy dlcahsrga. Rosiu-

tlvo smllltion grsdln~ As mcfequate for slmgle-shot
trnnsfnrmers but loss sntlsfsclory for rcpatltive pulse

mppllcmtlons bmcnusn of rosisllve power 10CSOS in tk.c

-rndlu~ solullon,

T(III Limst suouomsful mathod(:l) drveloprd for grnd-

lSIM mpirml.-strlp trnnsfolmers is lhm use nf ~oncentrlc

,,,., a .+.

,, .,,.,.

.i,,.,,, I

1~1~, 15. I.ktdy-.cwrrrnl psltcrn In snIILI cnncrntric

mhlrldm,



Ing hishar peak power levels thmn any other elactrieml
device. The trmsfonmrs In these oircuits ■ust Lbeko-

fore be cnpmble of delivorint the intoaoe primary power
pmlse to m lomd On the secondary at a higher woltmSa or
hither current with ● prodetenined transfommtion Tm-
tio. For trmnsformgrs with perfect coupling, mo wind-
ing rosistmnoe, mud nasll~iblo interturn cmpacitmnca
(Fis. 18), n simple set of relations mmy ba dsrivad
that relate tho primary ●nd eecondm~ current (Ip, 1S)

mud *oltsgo (V , VS) to tho primary snd ●oconda~ turns

(~, NS) of th~ trmucfomer:
@n0m9cm.====-_-~_--J

%’NP- ls%
(1)

L .-

5. 5
Vs %

Fig. 16. itin~ oa~e nhield for mpirsl-etrip trnns-
formor.

(2)

rin~ cmge shleldin~ moross tho mnr~ins ss shown in Fig.

16. Magnetic fields dlffnee freely through the riq
CRV without inducin~ ●ddy currents in the ●lemcnts ●nd
yet maintsln tho proper electric field distribution in
the margins. Emch rln~. of courso, ❑ust havo st lestt

ono circumferential C-p to prevent current from flowing
in the hoop dlraction 9P the rings. Splrml-strip

trmnsfommrn shielded in this manner hava been oporatod
snccaasfully la PFL ohmr~lng sppllcmtions to 3 NV wLth

mor 9W nnergy transfer offLciency from the prina~ to
saoondary capacitors.(21,22) Fiture 17 is s dis~ru of

● ring shirldod transformer tht operstcs with high ef-
ficiency 090S) st the nnltimcgmvolt level.

v“

(3)

(4)

zp.~
1P

from which

(5)
~tnsfarmer C lrcuit Anmlreis

Polso trsntformer circoits often utilize cnpncitor

banks me tha prlmry enersy store. One of the princi-
pal rcnsonm 1- thst cmpmcitors are capsble of drvelop-
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Fig. 18. Basic transformer circuit.

From these idecl relmtions, it cars be seen that s

trsrasformer can be used to chnrrge current. voltage, or
impedunce. tlowcver, because no tr:.nsforner is perfect
und often both the primary end secondaty sections of
the circ’ci! hav: resoxr.t characteristics, the datsilcd

anslysis of such circuits is somewhat more complex.

Of present interest ero tronsformor circuits where
low-voltage capacitor banks nro used for chnrging high-
Voltnge pulse forming transmission lines by menns of A

voltage stcF-rIp transformer (Fig. 19). Such charging
circuits ❑ay be operated in mntchcd- or off-resomncc
modes,(lS) but sre generally matched ●s nearly ma possi-
ble to ❑aximize energy transfer efficiency. In the
matched freqnency modo, that is. with the open circuit
frequencies of primary ●ud secondn~ sections of ti.o

circ.Jit equal (%C o 1, C ), two ceses ahown in Fig. 20
are of prnct~cn~ ~~tere:t~

● swing chsrginp where rnaxinum eecondary voltnge
is reschcd on the first excursion

● Junl resonance charging where mazlmum voltnze
occurs on the second or reverse voltage txcul-
slon of the soconda~.

Analysis shows thnt any transformer with a corl-
pllrrg oocfficicnt >0.6 can be adnptod to a dual reeo-
nancc circuit. Unless the circuit coupling is C1OSC tn
1,0, it is moro ndvnntu~c,,us frcm the standpoint of
transfer efficie:lcy to operate in the dunl rcso~rce
modc(21) with K = 0.:. With repetitive pnlne mystams,
high-transf?r officie, cy in aasential to preventing rx-
cossive energy disaip~tlmn in tho system components
from residual energy rin~:lng through tho systnm efter

Fig. 19. flahlc pulro transformer ch~rging clrcult.

OUTPUT SWITCH
CLOSURE

TIME~

(a)

\

II
I I TIME- “’
I
I I

I I

~OUTPUT SWITCH
CLOSURE

(b)

l:i~. 20. (a) l~irst-swing charge cyclo
(b) lhJnl resonancr chnr~o cycle.

di~chnrgo of a.ho eecolldnry .~n..!tor. When prepcrly
tuocll, dual rrsouance chnrginm systums wil 1 npcrnt~,

with n]! overall efficiency between 90 aud 95%.(21,22)

SmlLchl.~. . ------
‘The proptr chnice of switches fvr n given npplicn-

tion drl)unds upo!t I,rrll) the sy~tum rrquircmcnts ●nd the
epccir lU cnp~bllltlco and Iimltntlons of the switches

under conildrrntion. t7ns-inaulstcd sl,arl RafIs ●nd h>-
drogell lhyrnlrons arc two types of swltrhra cnmmonl::
ur,ed in slnnle-ahnt nnd *epctltivc pulard powrr ays-
tbms. These swltchea have overlapping cnpabilitirs hut
dlt’fcr in their optimum ranges of voltnp.e, currpn!,
peak power, rtpctlllun ratr, turn-on speed (dl/dt)J rr-
covrry rete, and oprrating efflcloncy.
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Fig. 21. A 60-kV vortex-flow gns dynamic spmrk gap

In general, spark gaps have higher current, volt-
age, pemk power, and di/dt capabilities than thyra-
trons, but thyratrons are presently capable of higher
●vcrage powers, roPetiti~n rates, fmster recovery, and
higher opernting efficiency in repetitive systems.
llrese are m few of the factors thnt must be considered
in the selection of switches for vnrlous applications.

Development 1s prcceedirsE in all areas of switching,
which will eventually extend the capabilities of fmil-
iar switches such ss spark gaps and lhyrntrons but
qrcite possibly result in the introduction of ucw

-witching devices and techniques such as ultrnfnst ❑ag-
netic switches.

Su8rk Gans
Gas-insulated spark gaps of various designs sre

used 1ss a wide vsricty of pnlsed power syslcnn that
range In size from a few joules to multimc~,ajoulcs. Op-
erating voltsses range from as low as 1 k~ to severml
megsvolla ●nd peak currents from a fow tens of amperes
to several ❑ecnmperes. llsus, spark gsps are perhaps
the most versatila type of cm,rrently ●vailable bi&h-

voltsgo :witchom insofar ●s their spectrum of aptrllca-
tions. Spark gmps are mos’. often csed in single-shot
mystcms but cnn recdily be adspted to ropctltive pulsd
service by flowing Insulstlng gss thron~h the swiLch
voleine to carry swmy shot-tmshot ionization debris.
Figure 21 Is szs exnmple of s 60-k\’ sss dynamic spark
gsp designed by Rohwein to switch 2 kJ tt a repetition
rale of 100 IIz.

1ss odditlon to their simplicity tnd comparatively
low ini:lml cost, the principal sdvnntngc~ of spnrk gup
switches ●rc:

. Fast turn-on time to ●pprozimnlcly 101s A/B.

● Illgh-current c~pnclty of 100 to 100 hA per cnt-
rent ch*nneI

● Ability to con,lucI ringing dlmchnrges

. Wide opermtlnp ranr,e wiih Internsl prescnre con-
trol

● Losses limited to mpfsroxlmately 5% with micro-

second or Iouger pulses

‘-rwmc vuvt

designed to switch 2 U Et 100-IIz PRF.

Disadvantages include:

● I.ife limited by electrode erosion to 101 to 10-
shots

. ffigh-volrr.me gas flow required fcr repetitive
pnlrc opcrmtion

● Repetition rate limited to npproxinstely 1 kilz

● High resistive losses (10 to 3~) for nsnosecontl
pulse durntione

Little progress has been msde to date in develop-
ing high-repetition-rntc spark gsps havl~g low commuta-
tion leases. The most recent dats show losses from 10
to 30% per pnlse and erosion-limited lifetimes -lOT
shots. Erosion in itself as 1 lifetime factor is sme-
nablc to geometrical remetilcs, such as using cousumablc
electrodes. Resolving triggering de.grtdstion, Jitter,
and crmunutation loss increnslttg with sccsmsulated shots
●re only some of the fnctors being very tctively invcs-
ti~sted in gas switch research snd devclopmaest progrnms
around the country.

lhyrstr,,n~
lllgh-Hverage power switchiug is emerging u. m mn–

jor aren In the field of pulsed puwcr. To meet the re-
qrsirementm of long lifr, hi8h-repetitlor rate, end low
lllss, the lhyratron at present is the only vinhla
Cltoico. In edditlon to the sbovc qutliticc, thyrotrcsns
rcqn!rc less smpport squi]lment Lhsn hlgl\-rr~rtition--
rntc cpnrk g,sps and nrr fnr more econmnica] to USC.
Arcns Or prr~ent th},rstren invcstiFn!lr,ns include ct’fl.
Cirnr. pnwcr nnd rncruy flo*, and switchlnk chnrnclcr-
istics.

Onc of the mnjor problemn to date in fmfit .dis-
cl,~:~r, kilohertz rcpet!tion-rnte spark gap switc11in6
Is the lmrgr loese~ esperlonced In the switch. In lc~nS-
14fr, high-rcllsbillty circuitry soch lmuseh mrc total-
ly ilnscreplablo. The thyrstron Iosscs during commuta-
tion 1ss m lo-energy, fnst--dlschsr~e circuit hove bcrn
❑emstlrcd.(2) For stored energlcc of 0.5 to 1.2 J, this
lrIms is 2% at an f10-ns pulse width End m peak current
Or 700 A, as ~huwn 1ss fiiu. 22. The losses were uts-
serwed tn decrrsse rspidly wi”h lncremmin~ encrsy, as



.

F{:. 22. Commut~tiou mnd totnl dischmrgc time ozrcrgy
loss for ●n FGiG low-induutuacm hydrngcn thy-
ratron J* m function of euergy stortd in the
capacitor. no posk ourrent wms=700 A ●nd
the PUISC width EIO ns.

exptcted, eo *.hst Ioe-loss ewitchin~ is fessible with
ttyraLrons, ~iving long economical life mt hlSh switch-
in~ effloicncios. Retention of these lowtncrgy losses
remmins to be confizmed It higher cnor~y lsvels
(-1 kJ).

New, compact, short-pulse L}yratrons sre currently
under development for 50 to 100-kV uulclkiluhcltz npel-
atiom ●t current I..tcs of riso in excess of ]f)l~ A/s U1

10- to 100-kA peak-currnnt levels. TtM newest 3-III.
low-inductance thyratron currently under detailed

study(3) is shown in Fir. 23, along with t!iorcceirlly
develaptd T4!f, Inc., integral ourrcnt-viewing rcaistor
and dildt ❑onitor.

Table IT tabulaLcs aallent fenture6 of prc$cnt thy-
ratrou appIicmtions,(23)

The peak stantt-nff voltage vs nulse current ror

largo cemmerciml chyratrcnc
from T. Il. Burkes’ extensive

Charcctorlatlcs of deve
trons are prosentcd in Tmhlo

major advsncos racently ❑ade

Switch Summary—-

hown iu FIc. 24 1s tr’en
switching report.

opmntnl letrodc thyra-
111, alemrly showing thu
in the field.

Ilydrogon Lhyratrons have meny mdvnntsfles when nll

things mro enrraidcred. No other switch is yet cmpmblr
of ●wlLcming the oame nvcre~e power (1 NW) nt the s-mu
afficlancy 09Ul) on a continuous bnsin.(25) nich
di/dt and pnlse rcpctitium-rato oapohllltlca ●l!!ng willi
reaaonnhly ]on~ lIIC (2,t)fJu to lfl,I~OO h) make the thyru-
tron lnvnlutblo in ❑nny appJ1crntlons ●Iwrein mu rrthur
ewitch has ill theme drmonatralcd cnpab~litias.(2i~)
I;vcn SU, inprovemcllts in !]ydro#cn thyrrtrnnb nrr cnn-

tinuslly bolrsg ■~du.(2’1)

A further nlgnlficatlt iuprnvrmcnt could he IIUIII: If

a scheme oan bo found to hctlcr utilize thk- cspnhlll..
ties of the cmthode, Such an il,l:lrnvemcnt cnuld :en,l t,)

highrnr dl/tft ma well ma peak currentcnpuhllltlrfi, An
Improvement in the emis*ivllY of tha calhot!e matrrinl

rnuld allnw hluher ponk eurrrnts to he dr~wn, !I h“s
been many ymars slncv Sianiflcnnt advmncos have been

●mdr in csthode cnpshllltlru.(2R)

The capahilltlrn nf ~ome mwltckca hqve been ~reml-

ly Incremsed by the use nr optical trl~gcrln~ Lach-

mlqcea, for ●xamplc. laset-triggered spark s-pm and

●illoon-controlled coctifiorc. A similar techmiqua ney
bo mpplied to tic thyrntron. This teohnique ■l~ht
●li~lmote tlit●ffects (delay mnd jitter) incurrad by
tho necessity of propagating a plasma ●nd greatly irs-
crmmce tbe cti/dt onpability and cnthode ntilizstion of

thyrmtrons.

HiSher voltn~es lu eingle-gap tubes have been
sci.icvrd.(29) Current pmckaiins techniques do not make
uee of thie technology. Needs to dmte h emphasized

low indnct:.ncc and high-svereg~ pmer more than voltage
capability. T%e latter is now bcco~ing ass ●ctivo re-

●enrch mnd development ●roe.(27)

Numerous applications requirlma very Irw jitters
arr erining. Mocontly, high pressure, lowindmctsnce
thyrntrons havo been developed to mcot multikil-
volt level nuclear particle diagnostic :oqulrementm for
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I’lc. 21, I.uw-inductance thyrmtron wllh integral con.-
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